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Governments across the world are formulating and implementing medical, social, economic and 
other policies to manage the COVID-19 pandemic and protect their citizens. Many governments 
claim that their policies follow the best available scientific advice. Much of that advice comes 
from computational modeling. Two of the main types of model are presented: the SIR 
(Susceptible, Infected, Recovered) model developed by Kermack and McKendrick in the 1920s 
and the more recent Agent Based Models. The SIR model gives a good intuition of how 
epidemics spread; including how mass vaccination can contain them. It is less useful than Agent 
Based Modeling for investigating the effects of policies such as social distancing, self-isolation, 
wearing facemasks, and test-trace-isolate.  
Politicians and the public have been perplexed to observe the lack of consensus in the scientific 
community and there being no single ‘best science’ to follow. The outcome of computational 
models depends on the assumptions made and the data used. Different assumptions will lead to 
different computational outcomes, especially when the available data are so poor. This leads 
some commentators to argue that the models are wrong and dangerous. Some may be, but 
computational modeling is one of the few ways available to explore and try to understand the 
space of possible futures. This lack of certainty means that computational modeling must be seen 
as just one of many inputs into the political decision making process. Politicians must balance 
all the competing inputs and make timely decisions based on their conclusions—be they right or 
wrong. In the same way that democracy is the least worst form of government, computational 




















world	 are	 reeling	 and	 taking	 on	 unprecedented	 levels	 of	 debt	 as	 they	 to	 try	 to	 survive	 the	
pandemic.	Worldwide,	governments	are	adopting	policies,	which	they	say,	“follow	the	science.”	
That	 science	 includes	 traditional	 sciences	 such	 as	 biology,	 medicine,	 and	 epidemiology	
combined	 with	 the	 approach	 of	 complex	 systems	 science	 and	 computational	 modeling.	 We	
explain	this	new	computer	enabled	science	and	how	it	is	used	to	create	computational	models	
that	enable	policy	makers	to	forecast	possible	futures	and	possible	outcomes	of	policy	as	they	







spread	 alarmingly	 through	 the	 eleven	million	 people	 of	 the	 city	 of	Wuhan	 in	 Central	 China’s	
Hubei	province.	China’s	new	“flu”	seemed	far	away	in	December	2019.	Most	countries	around	
the	world	did	not	see	the	significance	of	this	until	January	2020	and	even	then	the	scale	of	the	
threat	was	not	 fully	appreciated	until	 two	months	 later.	 Some	countries	were	 following	 their	
experience	with	 SARS	 and	 Ebola,	where	 local	 containment	 had	 proved	 successful.	 COVID	did	
not	 follow	 the	 same	pattern,	 taking	 everyone	by	 surprise.	 For	 example,	 on	 January	 24,	 2020	
Public	Health	England	 said	 the	 risk	was	 low;	by	 January	31st	 this	was	 raised	 to	 the	 risk	being	
medium;	by	the	4th	of	March	the	British	government	issued	instructions	on	hand	washing	and	
social	 distancing	 by	 two	 meters	 in	 public	 places;	 and	 by	 March	 26th	 it	 declared	 a	 hugely	
expensive	national	lockdown	policy	in	response	to	research	from	Imperial	College	London	[1].	
	
The	 spread	 of	 a	 new	 coronavirus,	 designated	 COVID-19	 by	 the	 World	 Health	 Organization	
(WHO),	was	declared	on	March	11,	 2020	 to	be	 a	pandemic:	 “Pandemic	 is	 not	 a	word	 to	use	
lightly	or	 carelessly.	 It	 is	 a	word	 that,	 if	misused,	 can	 cause	unreasonable	 fear,	 or	unjustified	
acceptance	 that	 the	 fight	 is	over,	 leading	 to	unnecessary	suffering	and	death.	This	 is	 the	 first	
pandemic	 caused	 by	 a	 coronavirus	 and	we	 have	 never	 before	 seen	 a	 pandemic	 that	 can	 be	
controlled	…	we	have	called	every	day	for	countries	to	take	urgent	and	aggressive	action.	…	We	
have	 rung	 the	alarm	bell	 loud	and	clear.”	 [2].	 “COVID-19	 is	 transmitted	primarily	by	particles	
that	 can	 travel	 two	 meters	 or	 more	 when	 an	 infected	 person	 coughs	 or	 sneezes	 and	
contamination	of	hard	surface	where	the	virus	can	survive	for	a	 few	hours”	[3].	The	 infection	






someone	 wearing	 a	 mask	 in	 a	 socially	 distanced	 store	 in	 a	 few	 seconds	 is	 less	 risky	 than	
socializing	 in	 a	 noisy	 crowded	 pub.	 Frontline	 workers	 in	 the	 health	 system	 are	 particularly	
vulnerable.	 In	Europe	the	most	severe	early	cases	of	the	pandemic	occurred	in	Northern	Italy	




that	 followed	policy	makers	were	 faced	with	 the	completely	new	problem	of	estimating	how	
many	 people	would	 be	 infected,	 how	 fast	 the	 virus	would	 spread,	 how	many	 acute	 hospital	
beds	would	be	 required,	how	much	PPE	 (personal	protective	equipment)	would	be	 required,	











the	 U.K.	 the	 government	 appeals	 to	 its	 Scientific	 Advisory	 Group	 for	 Emergencies	 (SAGE)	 to	
advise	it	on	COVID-19.	However	what	appears	to	be	a	sensible	partnership	between	objective	
scientists	sharing	scientific	 facts	and	politicians	deciding	the	best	course	of	action	 ignores	the	
essential	 nature	 of	 scientific	 knowledge	 as	 contingent	 and	 contested.	 As	 time	 went	 by	 it	
became	clear	there	were	disagreements	on	the	science	between	members	of	SAGE	and	other	











Sooner	 or	 later	 governments	 worldwide	 imposed	 different	 variants	 of	 “lockdown”	 requiring	
people	to	stay	at	home	isolating	themselves,	with	most	business	closed	and	many	people	being	
“furloughed.”	 In	 the	U.K.	 this	meant	 people	 receiving	 a	 reduced	 government-funded	 income	
from	 their	 employer	 instead	of	 being	 let	 go	 so	 that	 the	 business	 could	 start	 again	when	 the	







on	 July	 1st	 12,000	 U.K.	 job	 losses	 were	 announced	 including	 many	 from	 iconic	 department	
stores	such	John	Lewis	and	Harrods	[7].	In	Britain	the	government	has	committed	a	budget	of	
billions	of	pounds	 to	keep	 the	economy	on	 life	 support	until	 it	has	 recovered.	The	social	and	








are	 complex,	 highly	 dynamic	 multilevel	 systems.	 They	 do	 not	 respect	 traditional	 discipline	
boundaries	 between	 the	 biological,	 medical,	 social,	 economic,	 and	 other	 sciences.	 Global	








but	 together	 they	 make	 the	 dynamics	 of	 complex	 multilevel	 systems	 “sensitive	 to	 initial	
conditions.”	 Change	 the	 starting	 position	 slightly	 at	 any	 level	 and	 the	 outcome	 can	 be	 very	
different.	For	example,	 in	 the	U.K.	 the	apparently	minor	decision	not	 to	maintain	a	complete	














from	 its	 state	 “now”	 to	 another	 state	 in	 future	 time	 (Figure	 1).	 In	 traditional	 science	 if	 the	
modeled	dynamics	and	the	real	dynamics	give	the	same	outcome,	the	modeled	dynamics	are	












Typically	modeling	proceeds	 in	two	stages:	 (i)	The	model	 is	compared	with	reality	to	see	how	
well	 it	 predicts	 outcomes	 when	 the	 only	 information	 provided	 is	 parameter	 measurements	
from	 the	 actual	 world.	 Then	 (ii)	 forecasting	 is	 done	with	 a	 validated	model	 where	 the	main	
uncertainty	is	the	values	of	the	parameters	in	the	future	time	period.	The	modeler	has	to	make	





fact	 the	 science	 of	 complex	 systems	 allows—or	 expects—the	modeled	 dynamics	 to	 produce	








this	 kind	 of	 computer	 modeling	 involves	 running	 simulation	 programs	 many	 thousands	 or	
millions	of	times	to	produce	distributions	of	outcomes.	This	gives	a	view	of	the	space	of	future	
events	 rather	 than	 saying	 that	 any	 particular	 event	 will	 occur.	 A	 single	 run	 of	 a	 computer	
simulation	 tells	 you	 almost	 nothing.	Many	 runs	 from	many	 starting	 positions	 are	 needed	 to	
















close	 contact	 at	 shared	 meals,	 parties,	 and	 musical	 events.	 As	 an	 epidemic	 develops	 the	
reproduction	 number,	 R,	 may	 change	 according	 to	 the	 number	 of	 susceptible	 people,	 local	
circumstances,	and	policy	interventions.	
	
In	1927	Kermack	and	McKendrick	proposed	one	of	 the	 first	models	of	epidemics	 [11].	 It	was	
called	the	SIR	model	and	could	be	used	to	investigate	the	relationships	between	the	numbers	of	
susceptible	(S),	infected	(I),	and	recovered	(R)	people	in	a	population.	Interest	in	the	SIR	model	




by	 the	 recovery	 rate.	When	 the	 infection	 rate	 is	 greater	 than	 the	 recovery	 rate	 (R	 >	 1.0)	 an	
epidemic	 can	 occur.	When	 the	 recovery	 rate	 is	 greater	 than	 the	 infection	 rate	 (R	 <	 1.0)	 the	
epidemic	 dies	 out.	 This	model	 is	 based	 on	 differential	 equations	 that	 link	 the	 increases	 and	
decreases	 in	 the	 numbers	 of	 susceptible	 people	 (blue	 curve),	 infected	 (red),	 and	 recovered	
(green)	as	shown	in	Figure	2.	
	























infection	 cannot	 reach	 exponential	 growth)	 it	 has	 limited	 value	 for	 forecasting	 because	
externally	induced	changes	are	likely.	For	example,	it	cannot	support	an	analysis	of	the	WHO’s	
test-trace-isolate	 policy	 which,	 in	 the	 absence	 of	 a	 vaccine,	 is	 seen	 by	 many	 as	 the	 way	 to	
control	a	pandemic.	
	
Figure	 2(b)	 shows	 the	 black	 S	 curve	 of	 the	 cumulative	 distribution	 function	
𝑓 𝑥 =  1 (1+ 𝑒!(!!!)/!) is	a	good	fit	 to	 the	green	curve	of	 recovered	people	generated	by	
the	Kermack-McKendrick	model.	Related	S	curves	occur	in	other	well-known	applications	such	


















and	 these	 curves	 give	 retrospective	 evidence	 that	 some	 policies	 have	worked—modeling	 by	
curve	fitting	has	limited	value	for	forecasting	when	there	is	no	way	of	knowing	when	one	kind	










example	 in	 the	 U.K.	 there	 is	 systemic	 underreporting	 at	 weekends	 as	 new	 cases	 wait	 to	 be	
added	 to	 the	 statistics	 for	 Monday	 or	 Tuesday.	 Worse	 is	 that	 infections	 may	 be	 missed	 or	
misclassified.	 Even	 worse	 is	 in	 the	 absence	 of	 comprehensive	 testing	 we	 do	 not	 know	 how	
many	people	have	had	the	virus,	how	many	people	are	asymptomatic,	and	how	many	people	
are	 naturally	 immune.	 Thus	 the	 proportion	 of	 susceptible	 people	 in	 the	 population	 may	 be	




The	 best	 that	 can	 be	 done	 is	 taking	models	 from	 similar	 past	 diseases	 and	modifying	 them	











One	 of	 the	 major	 tools	 of	 complex	 systems	 science	 is	 agent	 based	 modeling	 for	 computer	
simulation.	 Instead	 of	 trying	 to	 model	 macro-level	 statistics	 such	 as	 the	 number	 of	 people	
infected	in	a	nation,	in	this	approach	these	numbers	emerge	from	the	micro-level	interactions	
of	 simulated	 agents	 (people	 in	 this	 case).	 In	 the	 simplest	 cases	 people	 are	 represented	 by	
colored	 dots	 on	 a	 computer	 screen:	 red	 for	 infected,	 blue	 for	 susceptible,	 and	 grey	 for	
recovered.	The	dots	move	around	the	screen	and	when	a	red	infected	dot	gets	close	to	a	blue	


























the	 epidemic	 is	 being	 controlled	 by	 the	 well-established	 test-trace-isolate	 procedures	 of	
epidemiologists.	 Computer	 modeling	 has	 enabled	 this	 policy	 to	 be	 tested	 in	 silico	 and	 the	
results	 suggest	 it	 will	 be	 very	 successful—as	 it	 has	 been	 in	 the	 countries	 than	 have	
































At	 the	 time	 of	 this	 writing	 (September	 2020)	 citizens	 and	 business	 in	 many	 countries	 are	
desperate	 to	 end	 lockdown	 and	 governments	 are	 responding.	 In	 the	 U.K.	 the	 2-meter	
separation	guidance	has	been	replaced	by	a	1-meter	rule	suggesting	that	political	pressure	may	
override	 evidence-based	 modeling.	 It	 appears	 politicians	 are	 diverging	 from	 their	 scientific	
advisors	and	making	decisions	to	relax	the	 lockdown	on	political	as	well	as	scientific	grounds.	
However	some	question	whether	England	began	ending	 its	 lockdown	 in	 July	 too	soon	 [17].	 It	
remains	to	be	seen	if	the	risks	taken	for	political	reasons	pay	off,	or	if	they	release	new	waves	
of	 infection	 in	 the	 great	 majority	 of	 the	 U.K.	 population	 believed	 to	 be	 uninfected	 and	
susceptible.	 The	 stakes	 are	 high.	 In	 August	 2020	 the	 USA	 and	 the	 U.K	 saw	 new	 epidemic	
hotspots	 emerge	 and	 it	 is	 clear	 that	 the	 pandemic	 is	 not	 close	 to	 being	 over,	 as	 the	World	
Health	Organization	warns.	In	September	2020	the	British	Prime	Minister	said	the	U.K.	is	"now	
seeing	a	second	wave"	of	COVID-19	and	that	"It's	been	 inevitable	we'd	see	 it	 in	 this	country"	
[18].	
	




















required	 to	make	 the	workplace	 safe.	 Such	models	 let	us	 run	 “what	 if”	 scenarios	 that	 reveal	












When	 the	 pandemic	 unfolded	 many	 leaders	 were	 criticized	 for	 lack	 of	 preparedness.	 But	
governments	 find	 it	 constitutionally	 challenging	 to	 spend	 resources	 on	 possible	 events	 that	
seem	remote	and	unlikely—there	are	so	many	urgent	 things	 to	do	 in	 the	present.	The	public	
will	support	attending	to	the	urgent	but	not	preparing	for	the	rainy	day.	Some	scientists	were	
warning	 that	 pandemic	 danger	 was	 getting	 high	 because	 of	 international	 travel	 and	 the	




steps	 to	 be	 prepared	 for	 another	 surge.	 It	 is	 likely	 that	 governments	 now	 have	 the	 public	






Computational	modeling	 is	 an	 essential	 input	 to	 policy	 for	managing	major	 disruptive	 events	







based	 on	 interactions	 at	 the	 micro	 level.	 The	 former	 are	 aggregate	 macro-level	 numerical	
models	 while	 the	 latter	 disaggregate	 micro-level	 models	 based	 on	 hypotheses	 of	 agent	
behavior	within	their	environment.	While	politicians	like	very	much	the	simplicity	of	R	to	make	




go	 further	 because	 they	 give	 insights	 into	 the	 space	 of	 future	 possibilities.	 The	 macro-level	
models	 are	 susceptible	 to	 error	 due	 to	 externally	 induced	 phase	 change—for	 example,	
lockdown	completely	changes	the	shapes	of	the	curves.	Agent-based	models	can	model	phase	





that	 science	works.	 Science	does	not	present	a	 single	 view	but	has	many	 competing	ways	 to	










Computational	modeling	will	 be	 important	 in	 the	 recovery	 from	 the	pandemic	 over	 the	 next	
few	years	for	meta	modeling	pandemics	waves,	economic	impact,	and	social	change.	These	are	
highly	intertwined	and	immensely	complex	problems.	They	are	singular,	history-making	events	
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